ABSTRACT Modeling of broiler chicken supply-chain economics depends on robust biological models of growth and yield of broiler chickens. In this paper, 8 dynamic nonlinear broiler carcass and carcass part yield models were evaluated statistically for their suitability for predicting weights of carcass parts. The analysis employed 4 sigmoidal (S) models (Gompertz, modified Gompertz, Richards, and Lopez) describing carcass part weight as a function of age, as well as 3 diminishing returns (DR) models (Lopez, Mitscherlich, and log linear), and a log-linear proportional yield (PY) model, which describe carcass part yield and weight, respectively, as
INTRODUCTION
To evaluate the economics of a dynamic system, its mechanisms must be elucidated. Economic evaluation of the broiler chicken supply chain is limited by the scarcity of robust models describing carcass part yield. Comprehensive data and analysis of this subject exists in the literature (Osbaldiston, 1967) . For contemporary analysis, these data are of limited use because of large changes in the genetic potential of commercial broiler strains and the inability of quadratic functions to predict yield outside the range of BW common at that time. High performance computer hardware and statistical software make more complex, comprehensive, and robust analysis possible.
More recently, most researchers report yield in a static manner at single or multiple points in time (Orr et al., 1984; Vieira and Moran, 1998; Peak et al., 2000; Havenstein et al., 2003) . There are some nonlinear analyses with respect to nutritional inputs (Mendes et al., 1997; Kalinowski et al., 2003) and with respect to nutritional inputs and time for multiple strains over a relatively narrow time frame . Few comprehensive nonlinear analyses of carcass 2005 Poultry Science Association, Inc. Received for publication June 29, 2004 . Accepted for publication March 19, 2005 . 1 To whom correspondence should be addressed: martin.zuidhof@ gov.ab.ca. 1108 a proportion of feather-and fat-free empty body mass (FFEBM) . Three S models with a flexible point of inflection were better able to predict carcass part weights than a fixed point of inflection Gompertz model and, in general, the DR models. The log-linear models were the only models that converged in 100% of the evaluations. The allometric PY model predicted weights for most carcass parts with the smallest degree of error and with substantially less bias than the DR log-linear model. Estimates of the coefficients for the log-linear PY model are included for 12 key carcass parts. Estimates of carcass chemical composition are presented for the log-linear PY model.
yield over a wide range of ages or BW have been published; when they have been published, they typically describe few parameters. Breast muscle has been given particular attention (Gous et al., 1999; Scheuermann et al., 2003) because it is the most important carcass part from an economic standpoint. A recent publication describes yield curves for several important carcass components using a Richards growth function, but the yield analysis is limited to breast and leg components of males (Goliomytis et al., 2003) . Although prediction of breast muscle yield is of primary importance in economic modeling, the ability to predict the weight of all carcass parts is needed to optimize production and processing decisions.
To support decisions about the selection of strains and marketing weights, an experiment was conducted to develop strain-specific mathematical descriptions of the yield of carcass parts of males and females from 6 commercial strain crosses. A comparative study was conducted to elucidate the nonlinear dynamics of the weights of broiler carcass parts. The primary objective of this study was to define parameters for nonlinear equations that could be used to predict weights of many parts of the broiler carcass at any relevant processing age. A secondary objective was to statistically evaluate 1 Strain crosses (year of study: 2000) are coded as follows: male parent × female parent, where P = Peterson, A = Arbor Acres FS-Y, R = Ross 308, C = Cobb 500, and H = Hubbard Hi-Y.
2 Number in each group does not include 25% extras placed to compensate for mortality and sexing errors.
candidate nonlinear models for their ability to predict carcass part weights with maximal accuracy and minimal bias.
MATERIALS AND METHODS

Stocks and Management
The care of the birds used in this experiment met the guidelines of the Canadian Council of Animal Care (CCAC, 1993) . The Faculty Animal Policy and Welfare Committee of the University of Alberta approved all protocols. A 16-wk experiment was conducted with a 6 × 2 factorial arrangement of treatments with 6 strains and 2 sexes. Chicks of each strain were selected from a single commercial broiler breeder flock. To standardize initial chick weight, parent flocks of similar age were selected (average 46 wk). Details of the strain crosses used in both studies are provided in Table 1 .
All chicks were vent-sexed and identified with duplicate wing bands on the day of hatch. A total of 180 chicks (24 per treatment +25% spares) was placed into each of 2 replicate pens with a floor area of 9.1 m 2 . Starter Pectoralis major  --------Pectoralis minor  --------Wing  --------Back half  --------Thighs  --------Drums  --------Fat pad  -4  7  5  4  2  --Liver  --2  3  4  ---Gizzard  ----12  3  --Heart  -1  -2  6  1  --Empty gut  ----1  1  --Gut contents  10  6  5  3  ----Not converged overall (%)  7  8  10  9  19  5  0  0  Convergence in all  parameters except fat  pad and gut contents (%)  100  99  98  96  81  96  100  100 1 Number of groups (of a total of 12) for which the least squares estimation procedure was unable to converge on a solution. 2 Males and females of 6 commercial strain crosses were considered as groups (n = 12) that are represented in each cell in the (NRC, 1994) . Diets were formulated to ensure adequate levels of the amino acids most likely to be limiting: lysine, methionine + cystine, and threonine. Adequate feeder space (5 cm per bird) and water nipple availability (15 birds per water nipple) was provided. Ad libitum access to feed and water and a lighting program of 23L:1D were provided for the duration of the trial. The period of darkness occurred from midnight to 0100 h.
Carcass Yield Data
Two birds per strain by sex combination (one per replicate) were randomly predetermined at hatch for dissection at 7-d intervals from 0 to 56 d and at 14-d intervals from 56 to 112 d of age. Birds that needed to be replaced because of mortality or sexing errors were replaced with spares in a manner predetermined at hatch. After birds were killed contemporaneously by cervical dislocation (no feed withdrawal period), car-casses were plucked. Until 4 wk, a dry pluck by hand was used. After 4 wk, plucking was facilitated by a hot water scald and machine pluck. From 5 wk to the end of the study, feather weight was estimated by subtraction of BW after plucking from BW prior to scalding. The weights of the following organs and tissues were collected: heart, liver (without gall bladder), total digestive tract (empty, without pancreas or residual yolk sac, with 1 cm of esophagus proximal to the proventriculus, adhering fat removed from the gizzard), gizzard (empty, koilin layer removed), total gut contents, abdominal fat pad (including fat removed from the gizzard), back half (back without abdominal fat, thighs and drums with skin), drums (skinless), thighs (skinless), pectoralis major, pectoralis minor, and wings (skin on). Feather-free empty body mass (including head, neck, and feet) was recorded after each gut section was emptied by squeezing the contents. Fat-and feather-free empty body mass (FFEBM) was calculated by subtracting the fat fraction of the carcass from the feather-free empty BW and refers to the sum of the protein, water, and ash components of the featherles carcass (see Kwakkel et al., 1995) .
Carcass Chemical Composition
After dissection, each feather-free empty carcass was individually pressure-cooked for 30 min and homogenized using an industrial blender. A representative sample of homogenate was collected and freeze-dried. After weighing, a representative subsample of the freezedried homogenate was collected and oven dried. Moisture content was determined from the weight of the freeze-dried homogenate and the oven-dried subsample. Carcass moisture was calculated from the moisture content of the samples and the original weight of the carcass, correcting for moisture addition and losses during cooking. Body chemical composition was determined as follows: fat by Mojonnier diethyl ether extraction (Mills et al., 1983) , CP by measuring nitrogen content using a Kjeldhal digest, and ash by combustion in a muffle furnace for 24 h at 550°C (AFLB, 2000) . Due to problems with the freeze-drier, most 42 and 56 d samples were destroyed, leaving a total of 269 usable samples.
The homogenized freeze-dried samples were scanned with a Foss NIRSystems 2 6500 visible-near-infrared spectrophotometer (400 to 2,500 nm). Near-infrared prediction equations were developed from the chemical analysis data, which were then used to estimate chemical composition (CP, crude fat, ash, and moisture) for the entire sample. Because the near-infrared spectrophotometer scanned a larger sample than was submitted for chemical analysis, sampling bias could be reduced using near-infrared predictions.
2 Foss NIR Systems, Inc., Silver Spring, MD.
Specification of Nonlinear Models
Eight nonlinear models were considered. Four sigmoidal (S) models describing the weight of parts as a function of time (age) were evaluated. S models provide reasonable estimates of carcass part weights, and 4 S models that have been described in previous studies were evaluated. The S models were specified as follows:
Gompertz (Emmans, 1981) :
Modified Gompertz (Talpaz et al., 2000) :
Richards (Darmani Kuhi et al., 2003) :
Lopez (Lopez et al., 2000) :
Diminishing returns (DR) models can be used to desribe the growth of carcass parts as a proportion of FFEBM. The value of the DR models compared with S models is that yield can be calculated from BW estimates. In an attempt to find a flexible DR function suited to yield data, 3 DR models were evaluated:
Mitscherlich (Peek et al., 2002) :
Log linear (Gous et al., 1999) :
Finally, Huxley's allometric function (Huxley, 1932) was evaluated. This function is a log-linear proportional yield (PY) model. From the PY model, the weight of each carcass part is calculated directly from the FFEBM. Although the carcass part weights are not directly comparable as in the DR models, the advantage of the PY model is that yield data do not need to be transformed as a function of BW. The log-linear PY model was specified after Huxley (1932) : 
Statistical Analysis
Nonlinear least squares regression was conducted for each equation using the model procedure of SAS software (2001) to describe the growth patterns of various organs and tissues of males and females of 6 commercial strain crosses (12 groups). An ideal model accurately estimates the value of each parameter while minimizing correlated errors that result in consistently low or high estimates at certain specific parts of the response curve. A variety of criteria was used to evaluate the goodness of fit of each mathematical model. Root mean squares error (RMSE) values and Pearson correlation coefficients (R 2 values) were also used to evaluate the overall fit of the models to determine the degree of autocorrelation (consistent bias) of residuals in the various nonlinear models. Because the DR models predict percentage yield, RMSE values for carcass part weights were calculated indirectly for the 3 DR models as RMSE =
, where SSE is the sum of squared prediction errors (g), and df error is the error degrees of freedom (n − k; where n is the total number of observations used to estimate the nonlinear parameters, and k is the number of parameters estimated). Convergence refers to the ability of the mathematical algorithms to solve the nonlinear parameter estimation problem.
RESULTS
Convergence
For all models 100% convergence was achieved for all meat parts (Table 2 ). The log-linear models, a relatively simple 2-parameter model, converged 100% of the time for all organs and gut contents as well. Convergence was incomplete for other models with the highest overall rate of nonconvergence for gut contents (29%) and fat pad (26%). Improving convergence success and reducing estimation bias in broiler fat pad estimates may require more complex mechanistic models such as multiphasic models. Because of the high incidence of nonconvergence in fat pad and gut contents estimation, overall convergence was also evaluated omitting these 2 parts ( Table 2 ). Excluding fat pad and gut contents, convergence was 100% with the log-linear (DR and PY) and Gompertz models, followed by 99% with the modified Gompertz, 98% with the Richards, and 96% with the Lopez (S) and Mitscherlich models. The lowest rate of convergence (81%) was observed with the Lopez DR model.
Goodness of Fit
The Durbin-Watson statistic (which measures the degree of autocorrelation), the Pearson correlation coefficient, and the RMSE were used to evaluate model fitness. Fitness parameters for the 3 types of models must be considered carefully because the independent and dependent variables differ. In some cases calculated values of the Durbin-Watson statistic variables were missing as a result of computational errors or calculations with missing values (SAS System, 2001) .
Values of the Durbin-Watson statistic and the number of cases in which autocorrelation was significant were determined for all models. Of the S models (Table 3 ), the Gompertz model showed the highest incidence of autocorrelation. This type of problem has been identified previously for BW data (Lopez et al., 2000) , due to the inflexible point of inflection of the Gompertz model, causing weights of carcass parts to be quite seriously underestimated prior to approximately 60 d of age and overestimated subsequently (see Figure 4) . The occurrence of significant autocorrelation (Table 3) was very consistent across the 3 variable-point-of-inflection S models. The S models were very similar in their predictions, as is evident in Figure 4 . Consistency of prediction by the S models was evident for all carcass parts. The degree of autocorrelation resulting from predictions with the log-linear PY model was similar to that of the variable inflection point S models.
Autocorrelation was more evident in the DR models with significant autocorrelation occurring in almost two-thirds of the analyses (Table 4) . When the predicted proportional yields were used to predict the weights of carcass parts, the residuals were similar in scale to the variable point of inflection S models (Figure 4) , although a greater degree of autocorrelation is evident visually. On average, pectoralis major yield tended to be underestimated prior to 35 d of age and after 77 d of age and overestimated between 35 to 77 d. This trend was consistent for all carcass parts. In general, autocorrelation was greater for females than for males, perhaps due to a more significant additional phase of growth.
The RMSE values were calculated only when models converged; RMSE values may be underestimated when nonconvergence occurred. RMSE are presented for the S models in Table 5 and for the DR and PY models in Table 6 . RMSE values were consistently lower in the S models than in the DR models for all parts, with the exception of pectoralis major for which the log-linear model had a lower RMSE (Tables 4 and 5 consistently lower than for the models with variable points of inflection. Correlation coefficients generated by the log-linear PY model were similar to those of the variable point of inflection S models. Among the DR models, the Mitscherlich model negative R 2 values in some instances, indicating that a simple mean explains more variation than the model. The Lopez DR model had relatively high R 2 values but had the poorest convergence success (Table 6 ).
Parameter Estimates
The 3 S models with variable points of inflection (modified Gompertz, Lopez, and Richards) all fit the carcass weight data very well. With the exception of data for gut contents, the modified Gompertz converged in every case. Therefore, the modified Gompertz model was chosen as superior among the S models. The log-linear PY model converged in every case and compared favorably with regard to the Pearson correlation coefficient and RMSE values, especially for meat parts. This model is robust and practical, as it provides direct estimates of part weights from broiler carcass weight, independent of age. Because of the large number of parameter estimates, they are presented only for the log-linear PY model.
In the current study, the log-linear PY model predicts the weight of each carcass part as a function of FFEBM. Estimates of the parameter b were highly significant in every analysis. When b = 1 in the log-linear PY model, the relationship between the carcass part weight and BW (FFEBM) is linear. Values greater than 1 indicate that the carcass part increases in weight at a rate greater FIGURE 2. Plots of broiler gizzard, liver, heart, abdominal fat, gut, and gut content weights from hatch to 112 d. Average data from males ((; solid lines) and females (&; dotted lines) of 6 commercial strain crosses. Due to a puberty-related growth phase of the liver of females after 84 d, data after 84 d are not included for females. than FFEBM; conversely, when b < 1 the part contributes less to BW as the broiler increases in size.
Estimates of the coefficients for the log-linear PY model are presented pectoralis major and pectoralis minor in Table 7 . Values of b for pectoralis major and pectoralis minor were greater than 1, indicating that breast muscle weight increased at a rate greater than the carcass as a whole. In practical terms, breast muscle yield increased as a percentage of total carcass weight as broilers became heavier. For pectoralis major, values of b ranged from 1.18 to 1.44. The average value of b for males (1.32) was lower than for females (1.37). For pectoralis minor, b values ranged from 1.21 to 1.43, averaging 1.35 for males and 1.39 for females. In practical terms, pectoralis minor weights increased proportionally with BW more than pectoralis major weights, and the proportion of breast muscle increased with BW more in females than in males.
Parameter estimates for back half and wings are presented in Table 8 . All estimates of a were significant (P ≤ 0.0554). The back half and wings mature at about the same rate as the carcass as a whole; values of b were slightly greater than 1 for the back half, averaging 1.04 for females and 1.08 for males, and slightly less than 1 for wings, averaging 0.96 overall. Estimates of b for skinless and drums (Table 9) were very similar to back half b estimates, whereas for thighs b values were slightly higher at 1.12 for females and 1.16 for males. Figure 3 illustrates graphically that breast yield continued to increase with BW, whereas the back half increased quickly at first and then reached a plateau relative to FFEBM. Estimates of b for organs were much less than 1, indicating that they matured earlier and become less significant as a proportion of increasing BW. For the gizzard (Table 10) , the mean estimate of b was 0.44, 0.55 for the total gut (empty, Table 11), 0.76 for the heart, and 0.77 for the liver (Table 12 ). The heart and liver remained relatively metabolically active, which was reflected in the higher b parameter values. One of the functions of the liver is lipid metabolism. Fat deposition and lipid metabolism related to the deposition of yolk become more important as birds mature, especially females. The values for b for fat pad (Table 10) were the highest of all those measured at 1.59 for females and 1.53 for males. A very high degree of variation in fat pad weights, however, resulted in nonsignificant estimates of a. Visual analysis of the fat pad weight data ( Figure 3 ) suggested a puberty-related increase in fat pad weight toward the end of the trial.
Estimates of b for gut contents averaged 0.80 and 0.87 for females and males, respectively (Table 11 ). Accurate estimation of the weight of gut contents aids the estimation of useable broiler parts weights.
Carcass Chemical Components. The carcass chemical component parameters for the log-linear (PY) model are presented in Table 13 . All estimates of b were significant for all carcass components. Estimates of a for protein and water were significant for males and females of all strains. Estimates for water were virtually linear with an average b value of 1.01 and 1.00 for females and males, respectively. Estimates for carcass protein indicate that protein content is virtually linear as well, but in females protein content may decrease slightly FIGURE 4. Plot of average residuals from 4 Sigmoidal prediction models (upper graph) and from modified Gompertz (sigmoidal) and log-linear (diminishing returns) models (lower graph) for pectoralis major weight of males and females of 6 commercial broiler strain crosses.
with increasing weight. The b values were 0.95 and 0.99 for females and males, respectively. For carcass lipids, estimates of b were all significant and indicated increasing carcass lipid content with increasing FFEBM. Values of b for carcass lipids averaged 1.38 and 1.23 for females and males, respectively. For carcass ash, all but 3 a estimates were significant. Average b values for ash were 0.91 and 0.94 for females and males, respectively, indicating that carcass ash content decreased with increasing FFEBM. For carcass water, protein, lipid, and ash, respectively, the Durbin-Watson statistic indicated that 92, 92, 58, and 58% of estimates showed significant autocorrelation. When autocorrelation existed, carcass water estimates tended to be slightly overestimated for commercially relevant BW, in the 1,000 to 2,000 g FFEBM range. Conversely, carcass protein, lipid, and ash estimates tended to be underestimated in this range.
DISCUSSION
Allometric Priorities
Care was taken in the selection of an independent variable. As broilers age, they become heavier. Because of a high correlation between the independent variables age and BW, the choice of an independent variable for yield models is unclear. Figure 1 illustrates the degree to which BW and important carcass meat parts depend on age. Clearly there are differences in the degree of maturity in each part as a function of age. Whereas back half and wing weights approached a plateau or asymptote by 112 d of age, the weights of pectoralis major and pectoralis minor muscles continue to increase at a more rapid rate, presumably accounting for much of the increase in live weight past 112 d. Figure 2 illustrates the weights of various organs and the abdominal fat pad as a function of age. Because the relative rate of growth decreases with age, the digestive organs and the weight of their contents tend to plateau early, whereas the growth of the heart continues longer, presumably to support increasing metabolic demands of a larger organism. A much later abdominal fat asymptote is evident from Figure 2 . Figure 3 illustrates the degree to which dark meat (back half), breast meat, and total carcass fat depend on live BW and FFEBM. Deposition of fat is mechanistically complex. Therefore a preliminary analysis of pectoralis major, back half, and wing yield was conducted using the DR log-linear model. Inferences were almost identical when using FFEBM or live BW as the independent variable for pectoralis major, back half, and wing weights. As Emmans (1981) uses protein weight as a basis for modeling, FFEBM was chosen as the independent variable for all analyses. Further, high accumulation of fat, especially at later ages, can lead to bias in the estimation of growth coefficients (Gous et al., 1999; Scheuermann et al., 2003) 
Independent Variable Selection
With the exception of the gut and related organs, all parameters that were estimated increased proportionally with BW. Alimentary organs, represented in this analysis by gizzard and total gut weight, clearly reached an asymptote by about 49 d (see Figure 2) . The liver, which is metabolically more active relative to the rest of the digestive tract, reaches a plateau later. The contribution of gut contents to total live BW plateaus more slowly than the gut itself. As the relative rate of growth decreases with age (Hancock et al., 1995) it is not surprising that the relative contribution of the gut to BW also decreases with age. This has important implications for nutrient requirements, because the gut accounts for a large proportion of total amino acid and energy requirements (McNurlan and Garlick, 1980; Cant et al., 1996) .
Growth of pectoralis major and, to an even larger degree, pectoralis minor breast muscles continues to increase proportionally to BW. Figure 3 clearly illustrates that the breast muscles had not finished growing by 112 d of age. Back half and wings had also not achieved their mature weights, but analysis of the DR model residuals indicated that their contribution to and df error is the degrees of freedom for the error term.
3 Number out of 6 commercial strain crosses where the model successfully converged. 4 NC = convergence was not achieved for any of the 6 commercial strain crosses.
FFEBM was actually decreasing by 112 d of age. Fat growth, especially in females, was proportionally a substantial contributor to live BW increases beyond 3 kg (Figure 3) . Estimation of the growth rates of various carcass parts is important for the development of more finely tuned economic models. Nutrient requirements for maintenance and growth of different carcass parts such as meat, visceral organs, and fat, vary substantially. Knowledge of the relative growth of carcass parts will provide insights to nutritional programs. Because the composition of the broiler carcass is dynamic, more detailed simulations of growth is paramount for optimizing processing age. 
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